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Abstract
Higher OH concentration is identified in tetrag-
onal barium titanate (BaTiO3) nanorods syn-
thesized by a hydrothermal method with 10
vol% ethylene glycol solvent [Inada, M. et al.
Ceram. Int. 2015, 41, 5581-5587]. This is
apparently inconsistent with the known fact
that higher OH concentration in the conven-
tional hydrothermal synthesis makes pseudo-
cubic BaTiO3 nanocrystals more stable than
the tetragonal one. To understand where and
how the introduced OH anions are located and
behave in the nanocrystals, we applied ab ini-
tio analysis to several possible microscopic ge-
ometries of OH locations, confirming the rela-
tive stability of the tetragonal distortion over
the pseudo-cubic one due to the preference of
trans-type configurations of OH anions. We
also performed FTIR and XRD analysis, all be-
ing in consistent with the microscopic picture
established by the ab initio geometrical opti-
mizations.
Introduction
The discovery of a classical ferroelectric barium
titanate (BaTiO3) dates back to the 1940s.
1–5
It has a tetragonal structure with a space
group symmetry of P4mm at room tempera-
ture. Much attention has been paid to this
material because of a variety of technical ap-
plications ranging from condensers to positive
temperature coefficient (PTC) thermistors.6–9
For example, due to its high dielectric constant,
BaTiO3 is used as a dielectric layer of multilayer
ceramic capacitors.8,9
Hydrothermal synthesis10 is one of the
widely used methods to obtain fine particles
of BaTiO3.
11 This method enables us to obtain
highly pure fine powder with small particle size
distribution and fairly stoichiometric composi-
tion.12 In the conventional method, however, it
1
is known that there remains difficulty in con-
trolling the crystal orientation (c-axis in the
tetragonal structure) due to the particle size
effect13 and the presence of OH groups in the
shell region (surface and outer layer of crys-
tal),13,14 yielding pseudo-cubic nanocrystals15
rather than the tetragonal ones. Extra thermal
annealing at around 1,300 ◦C is known to be
required to recover the tetragonal structure.16
Recently, Inada et al. have reported that a
new hydrothermal scheme using 10 vol% ethy-
lene glycol (EG)11 directly produces tetragonal
nanocrystals (c/a = 1.013) without any extra
procedures. In the present work, we performed
the thermal gravimetric analysis applied to the
samples and then identified higher OH concen-
tration inside 10 vol%-EG sample than 0 vol%-
EG one. Doubt immediately rises over our find-
ing because in the conventional hydrothermal
synthesis, the OH inside BaTiO3 nanocrystals
has been widely regarded as having a role in sta-
bilizing pseudo-cubic structure.13 We therefore
performed an ab initio lattice relaxation analy-
sis to investigate how the OH substitution sta-
bilize tetragonal compared with pseudo-cubic.
We have found that the geometrical transition
between cis- and trans-coordinations of substi-
tuted OH groups depends on their concentra-
tions. The transition modifies Coulombic inter-
actions of the OH substitutions with neighbor-
ing Ti cations as well as those with Ba vacancies
introduced to compensate the charge neutrality.
The relaxations due to the above modification
can explain the trend of simultaneous contrac-
tions along a- and b-axes as well as elongations
along c-axis when tetragonal structure is stabi-
lized.
Experimental section
Synthesis
BaTiO3 nanocrystals were obtained by a hy-
drothermal synthesis using Ba-Ti hydroxide
precipitation as a precursor.11 In the follow-
ing, we provide minimum descriptions about
our synthesis required for understanding fur-
ther characterizations and theoretical analysis.
Detailed information is given in our preceding
paper:11 The concentration of Ba and Ti in
the starting solution was adjusted to be 0.3 M
(mol/L) and 0.2 M, respectively. First, 1 M
BaCl2 (15 mL) and 2 M TiCl4 (5 mL) solutions
were mixed at room temperature, followed by
adding 10 M NaOH aqueous solution (10 mL)
so as to precipitate Ba-Ti hydroxide. In or-
der to obtain 50 mL of starting slurry, 20 mL
of deionized (DI) water or 5 mL (10 vol%) of
EG and 15 mL of DI water were added to the
mixture. The starting slurry was placed into
a 100 mL of Teflon-lined stainless steel auto-
clave and heated in an oven at 200 ◦C for 24
h, followed by cooling down in ice water. The
products were separated, washed by decanta-
tion process repeatedly, and then dried at 60
◦C overnight. Hereafter, the samples synthe-
sized by the hydrothermal method with and
without EG are denoted as EG-10 and EG-0,
respectively. Actually, the nucleation and crys-
tal growth of BaTiO3 occurred via dissolution-
reprecipitation. In our previous study,11 we re-
ported that the nucleation was suppressed by
the addition of EG. The formation mechanism
is also described in the literature.11
Characterization
The powder X-ray diffraction (XRD) patterns
were collected by X-ray diffractometer (Bruker
AXS) with Cu Kα radiation (40 kV, 40 mA)
at room temperature. The lattice parameters
were refined by a whole powder pattern decom-
position (WPPD) method assuming a P4mm
structural model. The thermal behavior of the
products was evaluated by thermogravimetric
analysis (TGA). The OH groups were charac-
terized by Fourier transform infrared (FTIR)
spectroscopy.
Modeling and Ab initio calculations
The present study aims to investigate the stabi-
lization mechanism of the tetragonal structure
depending on the OH concentrations. To evalu-
ate relative stability of Ba1−(1/2)xTiO3−x(OH)x
compounds with different amounts of sub-
stitutions x, we performed ab initio DFT
2
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Figure 1: Modelling of 7% OH substitution
with cis- and trans-coordinations by the 3×3×3
supercell. For the latter, we considered the sub-
stitutions along a- and c-axis. Lattice constants
shown in the figure are fixed at the experimental
values obtained by X-ray diffractions (XRD).
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Figure 2: Modelling of 17% OH substitution
with cis- and trans-coordinations by the 4×4×3
supercell. For the latter, we considered the sub-
stitutions along a- and c-axis. Lattice constants
shown in the figure are fixed at the experimental
values obtained by X-ray diffractions (XRD).
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Figure 3: Modelling of 50% OH substitution
with cis- and trans-coordinations by the 2×2×2
supercell. For the latter, we considered the sub-
stitutions along c-axis.
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Figure 4: Modelling of 67% OH substitution
with cis- and trans-coordinations by the 2×2×3
supercell. For the latter, we considered the sub-
stitutions along c-axis.
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simulations with the GGA/PBE17 exchange-
correlation functional that has been well
tested for both cubic and tetragonal phases
of BaTiO3.
18 The amount of OH in synthe-
sized BaTiO3 was estimated from TGA. The
experimental results strongly indicated only
upto two substitutions, namely, cis- and trans-
coordinations, as the possibilities we consider
hereafter. The c/a value, calculated from XRD,
of as-synthesized BaTiO3 with EG was bigger
than that of pure tetragonal BaTiO3. And
also, as-synthesized BaTiO3 included a larger
amount of OH than pure tetragonal. These ex-
perimental results indicate that the expand of a
axis, that means the incorporation of OH along
a-axis, is “not in accordance” with the exper-
imental observation that the lattice constants
of Ba1−(1/2)xTiO3−x(OH)x elongate along c-axis
compared with those of BaTiO3. Thus, we
compared only three possibilities of the substi-
tutions, i.e., OH located at the nearest neigh-
bor [cis], or diagonal-wise along a-axis (c-axis)
[trans-a (trans-c)] (see Fig. 1). On account of
computability, we considered only four stoichio-
metric compounds of Ba1−(1/2)xTiO3−x(OH)x
(x = 0.07/0.17/0.50/0.67) within moderate
sized simulation cells in which the numbers of
O sites replaced by OH become integers. They
were respectively modeled by 3×3×3, 4×4×3,
2×2×2, and 2×2×3 supercells, i.e., by dupli-
cating the original BaTiO3 unit cell, as shonw
in Figures 1, 2, 3, and 4, respectively. To main-
tain the charge neutrality, Ba vacancies have
to be introduced (all the possible patterns of
locations are provided in Supporting Informa-
tion). For the compensation of the neutrality,
the reduction of a Ti4+ would be another pos-
sibility to realize the counter charge for the
OH substitution. If that were the case, how-
ever, the powder color would get blueish, which
is not observed in our synthesis. Moreover
in general, Ba vacancies are easily introduced
in the BaTiO3 particles when synthesized by
precipitation method because Ba ion is stable
in alkaline condition of the reacting solution.
These are the reason why we use the model of
Ba vacancy and OH substitution. The model
structures described above were generated by
BIOVIA Materials Studio Visualizer,19 and
then the atomic positions within the simula-
tion cells were further relaxed under the fixed
lattice parameters (set as experimental value).
The geometry optimizations were carried out
using the BFGS algorithm implemented in
CASTEP20 with thresholds for the energy con-
vergence (1.0×10−3 eV/cell), the force conver-
gence (0.05 eV/A˚), the stress convergence (0.1
GPa), and the displacement convergence (0.002
A˚). Monkhorst-Pack k-point meshes of 1×1×1,
1×1×1, 2×2×2, and 2×2×1 were adopted for
the supercells with x = 0.07, 0.17, 0.15, and
0.67, respectively, each of which corresponds to
k-point separation of 0.08 A˚−1. Ionic cores were
described by the on-the-fly ultrasoft pseudo po-
tentials implemented in CASTEP:20 [He] for O,
[Ne] for Ti, and [Kr]4d10 for Ba. Kohn-Sham
orbitals were expanded in terms of planewaves
with Ecut = 340 eV that is determined by the
criterion that the total energy converges within
1.0×10−4 eV/cell.
Results and Discussion
Crystal structure of the BaTiO3
nanocrystals and OH in those
crystals.
Fig. 5 shows XRD patterns of the EG-10 and
EG-0 samples. It was confirmed that the sam-
ples consist of a major phase of BaTiO3 and
a trace impurity of BaCO3 as shown in Fig. 5
(a). The BaCO3 impurity was formed by the re-
action between Ba2+ and CO2−3 dissolved from
the atmosphere. The magnified view of the
(200) and (002) reflections shown in Fig. 5 (b)
reveals that these reflection peaks are clearly
separated for the EG-10 sample while the one
broad peak is observed for the EG-0 sample.
This means that the EG-10 and EG-0 samples
exhibit high and low tetragonality, respectively.
It was also found that the diffraction angles of
the EG-10 sample are lower than those of the
EG-0 sample and bulk BaTiO3 (dotted lines),
indicating lattice expansion due to the incorpo-
ration of the OH groups in the crystals. Fig. 6
plots the content of OH groups determined by
TGA along with the c/a ratio as a function
4
of heat-treatment temperature. The content of
OH groups in the EG-10 sample is about three
times as many as that in the EG-0 sample. The
EG-10 sample has a higher c/a ratio than that
of bulk BaTiO3, indicating the enhancement of
tetragonality due to the incorporation of the
OH groups. The OH content and the c/a ratio
decrease with increasing heat-treatment tem-
perature up to 800 ◦C, suggesting a significant
correlation between the content of OH groups
and the c/a ratio of the BaTiO3 crystals.
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Figure 5: X-ray diffraction (XRD) patterns of
BaTiO3 synthesized with and without ethylene
glycol (EG-10 and EG-0, respectively). (a)
Whole area and (b) selected area that indi-
cates reflections from (200) planes. Dotted lines
show peak positions of (200) and (002) direc-
tions from ICDD: 00-005-0626.
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Figure 6: Changes in OH contents and c/a of
BaTiO3 synthesized with 10 vol% EG versus
heat treatment temperature. Blue plots indi-
cate the results without EG.
Characterization of the OH groups
in the crystals by FTIR and DFT
calculations
FTIR (Fourier transform infrared spectrome-
ter) analysis was carried out in order to charac-
terize the OH groups in the crystals. The result
is shown in Fig. 7. We found a peak around at
3500 cm−1, which can be deconvoluted with a
slightly sharp peak around at 3480 cm−1 and
a broad peak around at 3350 cm−1, indicat-
ing that there are two kinds of OH groups in
the crystals. The peak area intensity of the
EG-10 sample is larger than that of the EG-0
sample; in particular, the area intensity of the
peak around at 3480 cm−1 is much larger for the
EG-10 sample than for the EG-0 sample. As
explained later, our DFT gives two different re-
laxed positions of substituted OH, which can be
identified to each of peaks, namely, 3480 cm−1
being attributed to OH-VBa defect complexes,
and 3350 cm−1 to OH...O hydrogen bonds. The
area intensity of a peak around at 3480 cm−1 de-
creases by heat treatment as shown in the inset
of Fig. 7.
!"#$%&'()!
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Figure 7: FTIR spactra of the OH groups in the
BaTiO3 nanocrystals synthesized with 10 vol%
EG before and after heat treatment at 400-1000
◦C. For comparison, the result without EG is
also shown in blue line. The peak area intensi-
ties versus the heat treatment temperatures are
inset.
5
Ab initio Analysis
Ab initio analysis was carried out to gain mi-
croscopic insights into how the substituted OH-
sites play a role in stabilizing the tetragonal
crystal structure. As explained in the previous
section, we prepared four different supercells to
model various substitution, x. We compared
the energies of cis- and trans-coordinations of
OH-substituents as a function of x as shown in
Fig. 8. We see that the relative stability inverts
as the substituent concentration x increases.
Figure 8: The total energies of the trans-
coordinations along a- and c-axes with re-
spect to that of the cis-coordinations. The re-
gion above the broken line indicates the cis-
coordination is stable. The region bellow the
broken line indicates the trans-coordination is
stable.
The fact that the trans-coordination gets
more stable for larger x can be roughly con-
nected with the physical pictures of the dis-
tortion caused by the OH-substitution. Fig-
ures 9 and 10 show how the elongations of O-
Ti-O bond lengths appear around the OH-sites
with different concentrations, x = 0.07 and
x = 0.5, respectively. While the distortion oc-
curs locally around the OH-sites for the smaller
x (Fig. 9), it spreads over the whole system
uniformly for the larger x (Fig. 10). The lat-
ter has a large enough number of the OH-sites
to get the distortions cooperatively accommo-
dated within the system, which makes energy
loss less than the former where the local dis-
tortion causes the energetically unstable state.
Figure 9: Spatial relaxations of the elon-
gated bonding lengths along c-axis, evalu-
ated at x=0.07 described by 3×3×3 supercell.
Right panel gives the convention of indexing
for the ’rods’, O-Ti(top)-O-Ti(center)-O-Ti(bottom)-
O, along c-axis. Upper and lower sides of
Ti(center) at ’rod#5’ are substituted into OH
(trans-coordination). Lengths of O-Ti(top)-O,
O-Ti(center)-O, and O-Ti(bottom)-O are plotted in
the left panel, showing the local distortion at
the substituted site is relaxed down over the
nearest neighbors (N.N.) and the next nearest
neighbors (N.N.N.).
Figure 10: For the larger x (OH concentra-
tion), the distortions due to the OH substi-
tutions (changes in the bonding lengths along
c-axis) are cooperatively occurs over the crys-
tal. Right panel gives the convention of in-
dexing for the ’rods’, O-Ti(top)-OH-Ti(bottom)-O,
along c-axis. The bond lengths are evaluated at
x = 0.5 described by 2×2×2 supercell, plotted
in the left panel over the rods #1∼#4.
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Fig. 11 shows the lattice relaxation around
the substituted OH-site, evaluated by 3×3×3
supercell with x = 0.07. From Figures 9 and 10,
we could see two possible effects of causing dis-
tortions by the substituents, ’(a) OH-site solely
gets attracted by the vacancy VBa’ and ’(b) the
trans location of two OH along c-axis gets the
OH-Ti-OH bond elongated along the axis’. The
effect (a) could be explained by the fact that the
vacancy would be charged negatively if the pos-
itive Ba2+ ion was not there, attracting a pro-
ton of a OH ion via electrostatic interactions.
Comparing the relaxations of OH positions with
and without VBa nearby (left and right pan-
els of Fig. 11), we can see the formation of
the hydrogen bonding between OH and nearest-
neighboring O-site when without vacancy. This
contrast would explain two different absorption
peaks in FTIR (Fig. 7) at 3480 cm−1 and 3350
cm−1. The latter peak would be identified to
the lattice vibrations with weakened coupling
due to the formation of the hydrogen bonding.
Figure 11: Local relaxations of atomic posi-
tions around the substituted OH, evaluated at
x = 0.07 described by 3×3×3 supercell. White
(red) balls represent H (O) atoms. Two cases
with and without a Ba vacancy are shown in
left and right panels, respectively. In the for-
mer case, the OH is found to be attracted to-
ward the vacancy due to its positively charged
background. In the latter case instead, the OH
is attracted toward the neighboring O to form
hydrogen bondings.
The effect (b), the elongation of OH-Ti-OH
bond, could be qualitatively understood as a
consequence of the weakened electrostatic in-
teraction with Ti caused by replacing O2− with
OH−. The displacement of Ti is, however,
found to be small being around 1.049∼1.060
in terms of the ratio of the longer Ti-O bond
length to the shorter one (Fig. 10). The smaller
displacement would be explained as follows:
Since the larger displacement of Ti from its orig-
inal center would yield the two larger dipole mo-
ments in the opposite direction, the resultant
dipole-dipole interactions could give rise to an
increase in the system energy. Thus, the pos-
sible displacement remains within the smaller
amount so as to prevent the system from in-
creasing the energy.
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Figure 12: A schematic picture showing how
the substituted OH stabilizes the tetragonal
structure with higher concentration. They are
attracted toward a Ba vacancy, which emerges
to realize the charge neutrality, yielding con-
tractions of a and b bond lengths. On top of
that, the reduction in the negative stoichiomet-
ric charge (O2− → OH−) brings about the elon-
gation of bonding length along c-axis.
The above effects, ’(a) attraction of OH by
VBa’ and ’(b) elongation of OH-Ti-OH bonds’,
would explain the trend in stability of the
tetragonal strucutre relative to the pseudo-
cubic one depending on the OH concentration,
x. For the region where the cis-coordination
is stabilized, e.g., x = 0.07, the OH-sites get
attracted toward the Ba-vacancies individually
and uniformly, giving rise to the pseudo-cubic
structure. For the larger x, e.g., x = 0.25,
where the trans-coordination is stabilized in-
stead, the effect (a) promotes the contraction
of a- and b-axe (see Fig. 12), while the effect
(b) yields the elongation along c-axis, resulting
7
in the stabilization of the tetragonal structure.
Thermal gravimetric analysis (TGA) applied to
the present EG-synthesized samples estimates
x ∼ 0.28, dropping at the region where the
tetragonal structure gets stabilized, being con-
sistent with the experimental fact.
The above scenario is not contradicting to
the fact that the conventional hydrothermal
synthesis gives pseudo-cubic nanocrystals even
with higher x as long as we regard it as the
’core-shell’ structure13 where the doped OHs
are not incorporated into the ’core’ region but
located only at the ’shell’ (surface of the core)
randomly. The present analysis using super-
cells corresponds to the assumption that the
doped OHs are located uniformly inside the en-
tire crystal, being the case only for the EG-
synthesized sample.
Conclusion
We investigated the role of substituted OH in
stabilizing tetragonal anisotropy of the BaTiO3
nanocrystal synthesized by a hydrothermal
scheme using ethylene glycol (EG). Thermo-
gravimetric analysis was carried out to iden-
tify the concentration of OH, revealing that
the EG-synthesized sample has around three
times larger amount of OH concentration com-
pared to the sample systhesized by the conven-
tional hydrothermal scheme. Since in the con-
ventional scheme the introduced OH has been
regarded as playing a role in stabilizing the
pseudo-cubic isotropic structure, the present
tetragonal anisotropic structure involving the
large amount of OH concentration stimulated
curiosity.
The apparent contradiction is finally at-
tributed to how the introduced OH groups
are distributed throughout a sample. Employ-
ing structural models with uniform OH distri-
butions, our ab initio geometrical relaxation
analysis concluded the stabilization of tetrag-
onal anisotropy in the higher OH concentration
range where the trans-coordinations of substitu-
tions were preferred. In pseudo-cubic nanocrys-
tals synthesized by the conventional scheme, in-
stead, the introduced OH can be thought of as
being distributed only within the ’shell’ region
over the ’core’ region, not uniformly, and hence
the present analysis is beyond the scope of the
core-shell interpretation.
The predicted stabilization was explained by
several mechanisms such as, the cooperative
accommodation of the lattice deformations,
electrostatic interactions between Ba vacancies
and OH, and the elongation along the trans-
coordination of OHs due to less attraction be-
tween anion site and Ti caused by the reduction
in negative charge from O2− to OH−.
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